Direct current (DC) plasma nitriding offers some disadvantages, especially in parts with complex geometries, where the presence of edges is significant, such as gears, molds, and needle punched parts are strongly affected by this effect, leading to irregular formation of nitrided layers and high variation in surface hardness.
INTRODUCTION
When piece of complex geometry is nitrided by plasma produced by direct current (DCPN), effects such as overheating, electric arcs and irregular layer occur, making the process impracticable. In order to avoid this undesirable effect, solutions such as pulsed voltage source (PPN) and cathodic cage discharge (CCPN) are being presented as alternatives [1] [2] [3] . With the voltage source pulsed, effects are avoided by controlling pulse width (ton) and pulse repetition time (toff). In the discharge by cathodic cage the control is realized by the electrical shielding of the sample, thus avoiding the direct bombardment of the ions on its surface [4] . However, by modifying these sources, it will also modify the plasma species, which interfere with the kinetics of nitriding [1] . The population intensity of the plasma species in the PPN configuration will depend on ton and toff because each species has its own population growth. In general, plasma species have a lifetime higher than 100 s [5] , meaning that for toff greater than this value, all species are in the process of recombination when the next pulse begins. Thus, by adjusting these times, the kinetics of nitriding can be modified. In the case of CCPN, the species that reach the sample surface are those generated by hollow cathode in the wall of the cage and, therefore, different from those in the DCPN. Thus, if the three plasma configurations are used to nitrate similar surfaces, even at the same treatment time and temperature, it is expected that there will be difference in layer formation kinetics. It is known that the nitrided layer is formed by a zone of compounds and another zone of diffusion. Mechanical properties of the surface are sensitive to the relative thicknesses of Fe 4 N-γ 'and Fe 2-3 N-ε phases in the compound zone [6, 7] . In the present work, the physical and microstructural characteristics of the nitrided layers formed on AISI 1045 steel surfaces, treated in the configurations DCPN, PPN or CCPN were comparatively investigated.
MATERIALS AND METHODS
In this study, AISI 1045 steel disks, dimensions 5.4 mm x 3.0 mm (diameter x thickness) were used. The samples were prepared metallographically until polishing with alumina 0.05 μm. They were then cleaned with acetone under ultrasonic stirring for 10 minutes. All treatments were carried out in the same bell-type reactor (Figure 1a ), consisting of a cylindrical stainless steel tube 50 cm x 32 cm (height x diameter). The walls of the reactor were grounded, constituting the anode. Three configurations were used for plasma nitriding, namely: plasma nitriding with DC voltage (DCPN), pulsed voltage (PPN) and cathodic cage (CCPN). The difference between the DCPN and PPN configuration is that in the latter the voltage is pulsed (Figure 1b) . For the CCPN configuration, the sample was placed inside a cage (Figure 1c ). The cathodic cage was constructed in AISI 304 stainless steel tube, with dimensions of 35 x 50 mm (height x outer diameter), with 3 mm wall thickness. A disk of 50.0 mm x 1.0 mm (diameter x thickness) was placed on the tube, with 8 equidistant holes and a diameter of 7.6 mm. Before each treatment, cleaning was performed using a flow rate of 20 cm 3 / min, 50% Ar-50% H 2, temperature of 250 ° C and pressure of 1 mbar for 30 minutes. After cleaning, the treatment was followed, which was carried out in the same flow but 80% N 2 and 20% H 2 atmosphere. The treatment conditions for the three processes are shown in Table 1 . After 3 hours of treatment, the source was turned off and the samples were cooled in the working atmosphere. The samples were characterized for crystalline phases, microstructure and microhardness. The phases of the nitrided layer were analyzed, as well as qualitatively estimated the thicknesses of the individual phases, using DRX with grazing incidence. Shimadzu diffractometer, model XRC-6000 with Cu-Kα radiation was used. For characterization with grazing incidence (GIXRD) was coupled THA-1101 device (Shimadzu-6000 XRC) for thin films. Angles of incidence of 0.5°, 3° and 20° and velocity of 2.0 degrees / min, for 2θ between 30 o and 92 o were used. By obtaining the ratio of the diffracted intensities of the planes of the phases ε and γ ', the relative thicknesses (x ε /x γ' ) were estimated at different depths. By observing the diffractograms for progressive angles of grazing incidence, it is possible to verify which phases are present for the depth of the respective angle. It is also possible to verify the order of growth of the layers from the substrate, even if there was growth in some preferential orientation [9] .
For microstructural analysis the Nikon Elipse MA 100 optical microscope coupled to a Nikon Digital Seght DS camera were used. Image analysis and processing were performed with free software Image J.
Chemical attack for microstructural development was performed with Nital 2%. Surface microhardness tests were performed with a Shimadzu, HM model 10gf (98.07 mN-HV 0.01) load for 10 s with seven measurements in each region. Figure 2 shows micrograph of the profile of the nitrided layer (2a) and the respective diffractograms for angles of incidence of 0. When using 0.5° incidence, only peaks referring to the ε-Fe 2-3 N phase were observed, where the most intense peak was ε (101), at 43.64°, indicating that the outermost layer is monophasic and formed by Fe 2-3 N phase. It is known from the Fe-C-N phase diagram that for a rich mixture of C + N, phase ε is dominant [6] . In the case of the DCPN treatment, due to the longer sputtering time, there was a greater decarburization and, therefore, a higher amount of carbon in the atmosphere favoring the ε phase formation. Upon observing an incidence of greater depth, such as the angle of 3°, the peak γ '(200) appears, which is the most intense of the phase γ'-Fe4N. The intensity of the diffraction peak for this phase is further increased for the 20° angle of incidence. It is also possible to observe the appearance of the substrate phase, Fe-α phase, indexed by the datasheet JCPDS 00-087-0721. Therefore, it can be stated that the radiation for the angle of incidence of 20 o completely crossed the layer corresponding to the phase γ'-Fe4N. To estimate the ratio x ε / x γ ' , the total thickness of the zone of compounds (x ε + x γ' = 5 m) was also taken into account. The ratio I γ '(200) / I ε (101) was 0.026 and 0.163 for 3 o and 20 o , respectively. It is also possible to observe the decrease of the layer in the vicinity of the edge (Figure 2a ) caused by edges effects of the DCPN configuration. The disappearance of the layer was total for 2 mm of distance from edge.
RESULTS
Profile nitrided layer (Figure 3a ) and glazing incidence diffractograms (Figure 3b ) for samples nitrided by PPN. Like the DCPN, only peaks corresponding to the ε-Fe 2-3 N phase were observed with 0.5° incidence angle, meaning that this is also the outermost phase of the nitrided layer. At higher angles of incidence, 3° and 20° the γ'-phase appears, whose peaks increase the intensity as the depth of penetration of the radiation increases. Comparing the variation of the peaks of the γ' phase, it is verified that its relative intensity, mainly for angle of 20 o , is greater than in the DCPN. This result suggests that the longer sputtering time on the sample surface contributed to the formation of the ε phase due to the greater decarburization of the surface. Reduction of the layer due to the edge effect is observed but less intense than in the DCPN ( Figure  3a ). This can be justified because at the pulsed voltage, when the source is switched off (toff), high concentrations of ions present at the edges are undone, reducing the shielding by the ions reflected near the edges [3] . The ratio I γ' (200) /I ε (101) was 0.38, for incidence of 20 o , meaning less thickness of the ε phase than in the DCPN. It is possible to observe the micrograph of the profile of the layer in the vicinity of the edge (Figure  3b) , it is possible to notice the decrease of the thickness caused by edge effects typical of the DCPN configuration. The disappearance of the layer was total for distance of 2 mm from the edge.
For samples nitrided by CCPN (Figure 4) , the microstructure differs completely from the previous ones (DCPN and PPN) . By the diffractogram with incidence of 0.5 o it is possible to verify the formation of a biphasic layer on the surface, composed of the phases γ 'and ε. Note also, through the 3° and 20° diffractograms, that the phase ε reduces drastically with depth, compared to previous processes. Our justification for this is that in the CCPN, unlike the other processes, there is no ion collision and subsegmental formation of metastable compounds. In this case the nitriding process is totally controlled by diffusion, as in the gas nitriding process, except for the atmosphere, composed of energy particles, which is easily adsorbed on the surface. The presence of nitrides in the grain boundaries of nitrided samples (Figure 4a ) corroborates our hypothesis. A comparison between the intensity diffracted by the γ' (200) plane and the ε (101) or ε (102) plane, for a grazing incidence angle of 20°, is presented in table 2. It can be observed that the greatest thickness of the ε-phase was in the DCPN, followed by the PPN and the minor in the CCPN. This same order can be attributed from more energetic to less energetic character of the plasma. In DCPN the ions are continually colliding with the surface of the sample, creating defects, forming unstable compounds and sputtering more atoms. In PPN, despite the existence of the same effects of DCPN, these are diminished by the cut of the voltage (t off ). Differently from these two processes, CCPN has no ion collisions on the sample surface. Although the atmosphere is also composed of ions, they are not accelerated to the surface of the sample. They are adsorbed on the surface more easily than in gaseous nitriding. In addition, metal atoms stripped by sputtering from the cathodic cage produce metallic nitrides on the surface. Comparing the microhardness values on the surface of the samples (Figure 4) , it is noted that the DCPN and PPN produced samples with very close hardness, except that in the PPN the hardness is more uniform.
The lower value of the hardness at the edges is associated with the appearance of the restriction ring produced by the edge effect. This shows that in the DCPN sample the edge effect was more intense than in the other treatments, which obtained a more uniform microhardness from the edge to the center. No microhardness variations between edge and center were detected in the sample treated by CCPN. This result agrees with previous studies in other steels [1, 10, 11] . The CCPN sample had a lower microhardness compared with the DCPN and PPN treatments, probably due to the lower thickness of the composite layer. 
DISCUSSION
When parts are treated by DC voltage, ions are continuously accelerated to the surface, colliding and producing different events. Among these events are sputtering, heating, defect production and surface metastable reactions. However, in parts with complex geometry, especially in regions that have sharp points, corners, holes and / or sharp edges, there are constraints that are strongly dependent on the intensity and uniformity of the electric field ( Figure 6 ). The charge density, q, for corners, flat surfaces and edges, is given by the following Laplace equations (3).
Where k is a coefficient which depends on the induction potential and r is the distance from the edge (or corner). As a result of these charge irregularities and, consequently, of the electric field and potential, the bombardment conditions vary along the work piece and affect the balance of the kinetic energy and the nitriding process on the surface. Equations 1-3 show that in small parts, where the presence of edges is significant, such as gears, molds, and needle punched parts are strongly affected by this effect, leading to irregular formation of nitrided layers and high variation in surface hardness [3] . As the samples are at high cathodic potential, in which the plasma acts directly on them, there are distortions of the electric field around its edges and corners, affecting the distribution and ion flow of these regions, this can cause the appearance of the hollow cathode effect, non-uniformity in temperature and arcing [2] .
In the example of figure 6 the effect of hollow cathode between the teeth of the gear can be verified. Electrons in this region perform a zig-zag movement due to the repulsive potential of the two inner walls. This increases the ion density and, consequently, higher heating due to the increase in the number of collisions in these walls. This effect is called the hollow cathode. It is also possible to observe the edge effect that results in the formation of regions that are poor in ring nitriding. This happens because in the vicinity of the edge the electric field changes its direction, forcing the ions to collide in different angles of incidence. These ions to the reflecting surface, ions collide with a front impact, preventing sputtering in a particular region (ring) and thus the effects of plasma-surface interactions are less intense or absent. Differential heating is also shown in figure 6 . It is observed that for regions between the two holes there is a higher incidence of ions (collisions on the upper and lateral surfaces) than in the peripheral region (collision only on the upper surface), implying higher heating in the first region, with greater area / volume ratios. Since the samples used in the present work were flat surface and disc-shaped, hollow cathode effect was not expected in the DCPN.
However, at distance of 2 mm from the edge, a ring with a thickness about 10 m (restriction ring) was formed. This effect occurs because in the edge the charge density, and therefore equipotential surfaces, is given by equation 3. Since the electric field is always perpendicular to the equipotential surfaces, ions near edge collide on surface with different angle. When reflecting they collide with other ions that are perpendicular to the surface. The result of this collision is the depletion of ions in a particular region (constraint ring), as shown in Figure 6 .
It can be observed (Figure 2a ) that there was almost complete disappearance of the nitrided layer in this region. This effect was less pronounced in the PPN configuration, where the thickness had only small reduction in this region. This can be explained by the change in charge densities predicted by the Laplace equations. As the applied voltage is pulsed, the load distribution behaves as in the DCPN configuration during the connected pulse and disperses, tending to the recombination of the loads, during the off time. This explains the less severe character of the edge effect, as well as the surface sputtering. It was observed that in the DCPN there was a greater thickness of the ε-Fe 2-3 N phase. It is known from the Fe-C-N phase diagram that this phase is stable for higher concentrations of N + C in the atmosphere [6] . As the concentration of N 2 used in the nitriding atmosphere in these two configurations was the same, it can be concluded that the increase in concentration was due to the decarburizing of the sample. The higher time of ion-surface collision of the DCPN than in the PPN, promoted greater extraction of C atoms by sputtering, thus justifying the greater thickness of the ε phase in the DCPN. This hypothesis was more evident when the surface of the CCPN samples was observed. In this configuration there is no attractive potential of the ions to the surface of the sample and therefore there is no sputtering. This way there will be no decarburization of the surface. In fact, the peaks referents to the ε phase are very small, even for incidence angles of 0.5 o , which reinforces our hypothesis.
CONCLUSIONS
Two alternative methods of plasma nitriding were compared with the conventional continuous voltage plasma nitriding process. The three methods showed to be effective in modifying the surface, but different in the microstructure and hardness of the layer. It was verified that the DCPN and PPN treatments presented layers with a higher thickness of the ε-Fe 2-3 N phase, which were justified by the presence of carbon in the atmosphere, resulting from sputtering decarburization of the steel surface. The greater presence of this phase in the CCPN than in the PPN corroborates our hypothesis. With respect to the edge effect (presence of restriction rings), it was found that the PPN is lower than DCPN while the CCPN it was completely eliminated. However, samples nitrided by CCPN presented lower layer thickness, lower surface hardness and diffusion in grain contours. This result can be justified by the inexistence of surface sputtering, where the process must be mainly controlled by diffusion, as in the gas nitriding process. That is, unlike the other processes, in the CCPN the zone of compounds is formed after saturation of the matrix.
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